Obesity and insulin resistance are associated with altered brain glucose metabolism. Here, we studied brain glucose metabolism in 22 morbidly obese patients before and 6 months after bariatric surgery. Seven healthy subjects served as control subjects. Brain glucose metabolism was measured twice per imaging session: with and without insulin stimulation (hyperinsulinemic-euglycemic clamp) using [18F]fluorodeoxyglucose scanning. We found that during fasting, brain glucose metabolism was not different between groups. However, the hyperinsulinemic clamp increased brain glucose metabolism in a widespread manner in the obese but not control subjects, and brain glucose metabolism was significantly higher during clamp in obese than in control subjects. After follow-up, 6 months postoperatively, the increase in glucose metabolism was no longer observed, and this attenuation was coupled with improved peripheral insulin sensitivity after weight loss. We conclude that obesity is associated with increased insulin-stimulated glucose metabolism in the brain and that this abnormality can be reversed by bariatric surgery. Diabetes
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We previously found that brain glucose metabolism increases during hyperinsulinemia in subjects with obesityrelated impaired glucose tolerance (IGT) and peripheral insulin resistance compared with healthy lean subjects (6).
Weight gain causes insulin resistance in peripheral tissues (8) , and brain insulin resistance may develop parallel to peripheral insulin resistance and plasma hyperinsulinemia (9) . However, altered insulin responses seem to differ from those observed in other tissues (6, 7) . Weight loss decreases peripheral insulin resistance (8, 10) , but the effect of weight loss on brain glucose metabolism is unknown.
In the current study, we sought to determine whether rapid weight loss after bariatric surgery and a subsequent decrease in peripheral insulin resistance would result in decreased brain glucose metabolism during insulin stimulation. We used direct measurements of brain glucose uptake with [18F]fluorodeoxyglucose (FDG)-positron emission tomography (PET) during euglycemic-hyperinsulinemic clamp and during fasting condition. Subjects were morbidly obese patients who underwent bariatric surgery and healthy control subjects. Preoperatively, we aimed to replicate the previous findings of increased brain glucose metabolism in morbidly obese patients in contrast to healthy control subjects.
RESEARCH DESIGN AND METHODS
For the current study, 22 obese patients were recruited as a part of a larger randomized, controlled clinical study evaluating the effect of sleeve gastrectomy and Roux-en-Y gastric bypass (Sleevepass study) (11) . Four had type 2 diabetes, 4 had IGT or impaired fasting glucose (IFG), and 14 had normal results in oral glucose tolerance test (OGTT). The four diabetic subjects used metformin (from 1 to 3 g daily). Subjects with insulin treatment or fasting glucose .7 mmol/L were excluded. Other inclusion criteria have previously been described (11) . Ten healthy subjects were recruited via an advertisement in local newspapers. Inclusion criteria were normal glucose tolerance test values, fasting plasma glucose ,6.1 mmol/L, and chronic disease (Table 1 and 2). Demographic information for the groups is provided in Tables 1-2. In this prospective study, obese patients were studied at two time points: before and 6 months after bariatric surgery. Healthy subjects were studied once. The baseline studies were carried out before the patient started a 4-week very-low-energy diet before the surgery. The PET studies were performed both in a fasting state and during euglycemic-hyperinsulinemic clamp (12), on separate days, ,2 weeks apart. Strenuous physical activity was prohibited from the preceding evening. Antidiabetes treatment was withheld 24 h before the metabolic studies. Prior to inclusion, each participant gave written consent. The study protocol was approved by the ethics committee of the Hospital District of the Southwestern Finland and conducted in accordance with the Declaration of Helsinki. PET study protocol and data acquisition. The studies were performed after a 12-h fast using the GE Advance PET camera (General Electric Medical Systems, Milwaukee, WI). The euglycemic-hyperinsulinemic clamp technique was used as previously described (6, 12) . [ 18 F]FDG-PET (187 6 9 MBq) was injected intravenously over 15 s, and radioactivity in brain was followed thereafter for 40 min (4 3 30, 3 3 60, and 7 3 300 s frames).
[
18 F]FDG was synthesized with a computer-controlled apparatus (18) . All data were corrected for dead time, decay, and measured photon attenuation and reconstructed using a Hann filter with a cutoff frequency of 0.5 and an mannosylrentinyl phosphate reconstruction method (13) . Arterialized blood samples were drawn during the scan and analyzed for radioactivity concentration From the 1 Turku PET Centre, University of Turku and Turku University Hospital, Turku, Finland; the in plasma using an automatic g counter (6, 12) . In the clamp study, plasma glucose and serum insulin concentrations were taken at baseline and every 5, 30, and 60 min, respectively.
In the preoperative setting, scans of morbidly obese subjects were compared with the scans of the control group. In the preoperative versus postoperative comparison, only subjects who participated in all four scans were included in the analysis (n = 17). We lost two control scans as a result of unsuccessful preprocessing, and one control subject was excluded because of an elevated BMI. In the postoperative setting, four subjects did not undergo bariatric surgery and one subject missed one scan. Quantification of brain glucose metabolism. The influx constant (K i ) was calculated for each voxel separately using the linear Gjedde-Patlak plot with arterial plasma input function, with a linear phase start time of 20 min. Glucose uptake estimate of the cerebral metabolic rate (CMR) (CMR glu [mmol 3 100 g 2 1 3 min 21 ]) was then calculated at voxel level as follows: CMR glu = K i 3 Cp/LC, where Cp is the plasma glucose concentration and LC is the lumped constant (which was set at 0.80).
Summed PET images were normalized spatially to a ligand-specific template in to the Montreal Neurological Institute (MNI) space (MNI International Consortium for Brain Mapping) using SPM8 (www.fil.ion.ucl.ac.uk/spm/) running on Matlab for Windows (version 7.7.0; Math Works, Natick, MA). Normalization parameters were subsequently applied to corresponding parametric glucose metabolism images. Parametric images were smoothed at 10 mm full width at half-maximum. Statistical analysis. Preoperative data were analyzed with a 2 (fast, clamp) 3 2 (patient, control) ANOVA and the follow-up data for patients with a 2 (fast, clamp) 3 2 (preoperative, postoperative) ANOVA. The statistical threshold in SPM analysis was set at voxel level false discovery rate (FDR) corrected P , 0.05, uncorrected at cluster level. Lowering of the statistical threshold did not yield statistically significant results. Further statistical analyses were done using SPSS, version 18.0, for Windows (SPSS, Chicago, IL). A more detailed complementary analysis included quantification of brain glucose metabolism by defining the LC in a region-specific manner instead of using a fixed lumped constant as in the analysis mentioned above and region of interest-based analysis (see Supplementary Data).
RESULTS
Effects of insulin on brain glucose metabolism in control subjects and patients prior to the surgery. In the morbidly obese patients, we found a global increase in brain [
18 F]FDG-PET uptake during clamping compared with fasting (Fig. 1B) . This difference was not statistically significant in the control group. The regional maximum of the increased glucose metabolism was the region of the right caudate nucleus (Fig. 1A ). There were no statistically significant differences between the groups in the fasting condition. Thus, the euglycemic-hyperinsulinemic clamp increased brain glucose metabolism only in the morbidly obese subjects. Effects of bariatric surgery on brain glucose metabolism. Elevation of glucose metabolism during clamp was markedly diminished after bariatric surgery (Fig. 1D) . The postoperative regional CMR glu values in the morbidly obese patients were similar to the values of control subjects in a preoperative setting (Fig. 1E) . Bariatric surgery resulted in rapid weight loss and improvement in glycemic control and whole-body insulin sensitivity (M values in Table 2). One of four in both diabetic and IGT/IFG patients was in diabetic remission postoperatively, and for the rest the diabetes status, defined by OGTT and American Diabetes Association criteria, was unchanged.
DISCUSSION
Our results indicate that insulin-induced stimulation during euglycemic-hyperinsulinemic clamp scans of the morbidly Last column indicates significant between-group differences in independent-samples t test. Significant differences are shown in boldface. ALAT, alanine aminotransferase; GT, g-glutamyl transpeptidase.
obese is reversible through weight loss and consequent reduced peripheral insulin resistance 6 months after bariatric surgery (Fig. 1C and D) . Preoperatively, we detected elevations in glucose metabolism in morbidly obese subjects compared with normal-weight subjects in striatum and cerebellum during euglycemic-hyperinsulinemic clamp but not in the fasting condition (see Supplementary Data), which partly replicates our previous findings (6). These observations are not explained merely by increases in plasma levels of insulin during PET scans (10) ( Tables 1 and 2 ). Insulin effects on brain glucose metabolism. In individuals with normal weight, insulin has little effect on brain glucose metabolism (3, (5) (6) (7) . Nevertheless, normalweight individuals may also have minor insulin-induced elevations in brain glucose metabolism that might not be detected as statistically significant in limited sample sizes. Obesity, however, seems to be associated with increased sensitivity to insulin in brain tissue (6) . How do we explain the increased metabolic sensitivity of brain to insulin? The ratio of insulin in cerebrospinal fluid to that in plasma is decreased in obesity (14) , and obese individuals also show diminished catabolic responses after intranasal insulin administration (15) . These findings could be a sign of brain insulin resistance (9, 15, 16) , which could be caused by impeded insulin transport through the bloodbrain barrier (BBB) or a weakened neuronal responses to insulin. On the other hand, in the fasting state glucose metabolism is not decreased in overweight subjects in comparison with a control group (6). Chronically elevated plasma levels of insulin could also increase the delivery of insulin across the BBB. If the cells in the CNS adapt to this change by increasing the rate of insulin clearance or internalization, then decreased cerebrospinal fluid-toplasma insulin ratio of the obese individuals may reflect greater insulin usage. This would also explain the diminished catabolic responses to intranasal insulin, as the given amounts of insulin would presumably be too small for cells accustomed to increased insulin levels.
Taken together, by increasing peripheral insulin resistance the brain tissue's glucose metabolism is increasingly stimulated independent of changes in plasma glucose levels. Molecular mechanisms for the changes are currently unclear. Clinically, intensifying the pharmacological therapy for glycemic control keeps the plasma glucose levels at bay and prevents glucose neurotoxicity in peripheral organs (4). The opposite might be true for the brain tissue (17) . Limitations in the study. The radioactive decay of the [ 18 F]FDG-PET tracer can occur at any level between BBB and intracellular space of neurons and glial cells. The clamp as an experimental tool also has some limitations (18) . The subjects of this study are heterogeneous in terms of glucose metabolism and differ in terms of endogenous peripheral insulin resistance. Excluding diabetic/IGT subjects from SPM analysis or grouping subjects according to diabetes status did not affect the results, and the effects of medication and diabetes status are minimal. Hyperglycemia during fasting condition might diminish the [ 18 F]FDG uptake to brain tissue. However, obese subjects were not hyperglycemic and the scans and clamping conditions were similar in both groups (Tables 1 and 2 ). Postoperative J.J.T., H.K.K., and J.H. analyzed data and wrote the manuscript. J.C.H. conducted the clinical PET studies and wrote the manuscript. M.B. analyzed the compartmental data analyses and wrote the manuscript. M.H. and J.O. performed patient recruitment and screening and wrote the manuscript. M.S. and P.S. performed euglycemic clamps and wrote the manuscript. N.S. synthesized radioligands and wrote the manuscript. L.N. analyzed data and wrote the manuscript. P.N. planned the experiments and wrote the manuscript. J.J.T. is the guarantor of this work and, as such, had full access to all the data in the study and takes responsibility for the integrity of the data and the accuracy of the data analysis.
